Objectives: First, to evaluate the influence of comorbid diseases and concomitant injuries on the risk of in-hospital death after traumatic spinal cord injury (TSCI). Second, to identify the risk characteristics of TSCI patients with likelihood of death. Study design: Population-based retrospective cohort study. Setting: Sixty-two acute care hospitals in South Carolina, USA. Methods: Records of 3389 TSCI patients hospitalized with acute TSCI were evaluated. Days elapsing from the date of injury to date of death established the survival time (T). Cox regression examined risk of in-hospital death as a function of counts of comorbid conditions and injuries along with their joint effects controlling for other covariates. Results: Counts of comorbid conditions and injuries showed dose-dependent risk of death while in-hospital independent of demographical and clinical covariates. Hazard ratios (HR) for counts 3 þ , 2 and 1 comorbid conditions were 2.19 (Po0.001), 1.73 (P ¼ 0.005) and 1.20 (P ¼ 0.322), respectively. For counts of 4 þ , 3 and 2 other injuries were 1.85 (Po0.001), 1.81 (Po0.001) and 1.46 (P ¼ 0.022), respectively. The joint effect of the two was transadditive with statistically significant HR ranging from 1.72-3.14. Conclusion: Counts of comorbid conditions and injured body regions strongly indicate risk of in-hospital death after TSCI and their joint effects elicited dose-dependent gradient independent of demographical and clinical covariates. Assessing risk of in-hospital death based on joint use of counts of comorbid diseases and injuries is highly informative to target TSCI patients at high risk of dying.
INTRODUCTION
The annual incidence of traumatic spinal cord injury (TSCI) in the United States is 40 per million population and there are B262 000 persons living with TSCI. 1,2 The average age of TSCI is 40.2 years and there is a 3:1 male preponderance in the incidence of TSCI, while racial differences are minimal. 2 Published data on the proportion of deaths following TSCI differ widely from 4.1 to 10.8%. 3, 4 Surveillance data in most states indicate in-hospital mortality rates of 7.5%. 5 However, there is uncertainty if all deaths are attributable to the TSCI and what risk factors indicate mortality.
Epidemiological studies of in-hospital mortality after TSCI have identified important risk factors that include advancing age, 6 lesion type and level of injury, 6 comorbidities 4, 6 and complications such as venous thromboembolism, 7, 8 traumatic brain injury 6 and polytrauma 3 with varying strength of association. While there is uniformity in most of the studies regarding the risk of death with advancing age and medical complications, there is discordant association on the effect of comorbid conditions due to different classification schemes. Most studies used the Charleson Comorbidity Index 9 to account for the confounding effect of pre-existing conditions. The Charleson Comorbidity Index was originally developed for prospectively predicting 1-year mortality risk among patients with breast cancer in clinical trials of new treatments. It defined weights for 19 specific comorbid diseases in a relatively small data set of 685 women that may differ from other clinical populations and did not include, for example, mental health disorders, drug and alcohol use, obesity or weight loss, fluid or electrolyte disturbances, anemia and blood loss. Validation in trauma patients indicate its limited usefulness 10 due to the small number of comorbid conditions it includes. 9 Another common approach is the more comprehensive Elixhauser Comorbidity Index. It was developed using a large data set with 1.8 million records, which includes 30 comorbid conditions. 11 Studies also accounted for polytrauma using the count of injuries in various body regions. 3, 6 We did not find any published study that evaluated TSCI mortality in large population with counts of comorbid conditions, injuries and their joint effects. The purpose of this study was to identify mutable risk factors of in-hospital death among TSCI patients accounted by the counts of comorbidities, injuries and their joint effects using timeto-event analyses. The ultimate goal is informing clinical practice to improve patient safety and survival. The study hypothesized that the risk of post-TSCI in-hospital death is incrementally elevated with more counts of comorbid conditions and concomitant injuries. It further hypothesized that joint effect of comorbidity and concomitant injuries would elicit dose-response gradient independent of demographical and clinical covariables.
MATERIALS AND METHODS

Data sources
This study relied on the South Carolina hospital discharge data set. State law mandates that all 62 non-federal hospitals report uniform, abstracted billing data to the SC State Budget and Control Board. The contents of the data file are reported elsewhere. 6 The Central Nervous System injuries (CNS) Registry System augments and validates the data through medical chart review and interviewing a representative sample of patients. Data are reliable and valid. This study was approved by the Medical University of SC Institutional Review Board.
Study setting and population
Patients who sustained TSCI from 1 January 1998 to 31 December 2009 and were admitted to hospital were eligible for the study. TSCI refers to a lesion to the neural elements of the spinal cord resulting in a sudden, and depending on the level and extent of damage, variable loss of voluntary muscle strength, sensation and internal organ function below the level of spinal cord injury, including altered bladder and bowl control. 1 Patients were ascertained with ICD-9-CM diagnosis codes 806.0-806.9 and 952.0-952.9 consistent with the guideline of the Centers for Disease Control and Prevention (CDC). 1 We excluded patients coded as late effects of spinal cord injuries (907.2). About 99% of the patients had a hospital stay not exceeding 120 days, and this was used as the censoring point for the study.
Definitions
The main outcome of interest was death in an acute care facility within 120 days after acquiring TSCI. The number of days elapsing from the date of injury to date of death established the survival time (T). The main independent variable, comorbidity, relied on the count of diseases unrelated to TSCI based on the Elixhauser Comorbidity Index classification scheme. 11 All diagnosis fields were searched for these diseases and their counts were categorized as 0, 1, 2 or 3 or more (Table 1) . Injury severity was determined by translating ICD-9-CM diagnosis codes into Abbreviated Injury Scale (AIS) using ICDMAP-90 software for each of the nine AIS body regions. 12 To account for the effect of multiple injuries, we counted the number of injuries from each body region other than the spine with an AIS of X2, and were categorized as 1 (if only spine), 2, 3 and 4 or more. We classified neurological impairment of TSCI based on the categorization scheme of Jones et al. 8 as, (1) 
Statistical analysis
Data analyses relied on SAS V.9.1.2 software package. Descriptive statisticst-test for continuous variables and w 2 -tests for proportions-were used to compare group characteristics. The relationship between the dependent variable (in-hospital death after TSCI) and different risk factors was examined as a function of time using Cox-hazard regression. This model estimates the instantaneous relative risk of death averaged over the entire time of follow-up and assumes proportional hazard over time. This assumption was tested with the goodness-of-fit w 2 -test and graphically using log-log Kaplan-Meier curves. 13 Variables with bivariate association, P-value p0.20, were included in the multivariable model. Multicollinearity among covariates was evaluated by assessing the deviations of the regression coefficients and their standard errors in the fitted univariate and multivariate models 14 and none was detected. Covariates were entered simultaneously into the model. KaplanMeier (K-M) survival curves graphically presented the relationship of the cumulative proportion of deaths and counts of comorbid diseases, as well as neurological impairment adjusting for a third variable. This was done in Proc Lifetest by including a 'Group' option in the 'Strata' statement. This SAS step compares the survival curves mentioned as the 'Strata' variable, while controlling the effect of a third variable mentioned as the 'Group' variable. A log-rank test was used to test the homogeneity of survival curves across comorbid counts. 15 Test statistics with P-values of o0.05 were considered significant.
We assessed heterogeneity of the stratum-specific hazard ratios between counts of comorbidities (main exposure) and in-hospital death across the number of concomitant injuries as proposed by Breslow-Day for analysis of cohort data 16 and noted transadditivity as a function of the joint effect of the two factors. 17 To avoid sparseness of cell distributions as a cross-product of the two factors, we collapsed the categories from 4 Â 4 to 3Â 3 and fitted a separate model that examined these relationships accounting for the major covariates. The adjusted hazard ratios and 95% confidence intervals are reported.
RESULTS
During the 12-year period of study, 3389 acutely injured TSCI patients were hospitalized, of which 272 (8.0%) died. The average annual incidence of TSCI was 67.2 per million. This rate was 68% higher than the national average of 40 per million population. While blacks represent 31% of the population in the state, they accounted for 40.4% of the TSCI, indicating the high incidence of TSCI among minorities. Mean age of the cohort was 45.5 years. The deceased were significantly older than survivors (Po0.001). There were significant differences between the deceased and the survivors in all covariates but gender and race (Table 1) . Significantly increased death rate was noted with more counts of comorbidities and concomitant injuries, advancing age, and higher neurological level of impairment. Table 2 summarizes the result of Cox proportional hazards regression model. Patients with two or more comorbid conditions showed a significantly elevated risk of dying (HR for X3 ¼ 2.19, Po0.001 and HR for 2 ¼ 1.73, P ¼ 0.005). Similar gradient in the HR was observed with the number of concomitant injuries with 1.85, 1.81 and 1.46 for X4, 3 and 2 injuries, respectively (all Po0.05). The external causes of injuries in the cohort analyzed were motor vehicle crashes (42.6%), falls (30.6%), struck by/caught (13.5%), firearms (6.0%), motor cycle (3.8%) and sports (3.5%). Patients who developed pulmonary embolism had nearly a twofold increased risk of in-hospital death (P ¼ 0.037), while DVT did not (P ¼ 0.103). There was a 2.5-fold increased risk of death with complete tetraplegia (Po0.001) and a 1.6-fold increase with incomplete tetraplegia (P ¼ 0.001). Older age (X65) was the most significant predictor of death (HR ¼ 5.28; 95%, Po0.001). Other age groups also demonstrated an increased risk of death with advancing age but this result was not statistically significant. Blacks tended to have a 24% lower risk of death compared with whites (P ¼ 0.034). Persons without health insurance had a 53% increased risk of dying (P ¼ 0.042). There was also lower risk of death for patients managed in Level III trauma centers (P ¼ 0.005). Table 3 shows the distribution of the various body regions affected by the trauma and the comorbid conditions noted during acute care hospitalization. Most frequently involved body regions along with SCI were abdomen and pelvic content (20.3%), contents of the thoracic cavity and the bony structures (19%), the skin and subcutaneous tissues (17.4%), and the cranium and the brain (15.8%). The comorbid conditions most commonly noted were hypertensions (14.9%), neurological conditions such as seizures and movement disorders (9.4%), and heart problems (8.4%). The joint occurrence of counts of comorbid conditions and injuries indicated enhanced risk of in-hospital death (Table 4) . In our data, all but 16.9% of the TSCI patients had one of the comorbid conditions and/or one concomitant injury. Generally, with more counts of comorbidities and injuries, the higher the risk of in-hospital death (trend test Po0.001). However, a much stronger effect of mortality was noted with two comorbid conditions and two injuries, HR ¼ 3.73 (95% CI ¼ 2.14, 6.51). The effect measure reflected in this joint analysis is transadditive. For instance, patients who had two comorbid conditions with three injuries had HR ¼ 2.92 (95% CI ¼ 1.49, 5.72) compared with 2.66 (95% CI ¼ 1.50, 4.05), if it were the sum of the separate components.
The survival characteristic of TSCI patients by the counts of comorbid diseases and type of neurological impairment was depicted by the Kaplan-Meier curves (Figures 1 and 2) . Figure 1 shows as the number of comorbid conditions increased, survivorship decreased, with steep decline noted for X3 conditions (log-rank Po0.001), after adjusting for neurological impairment. At the sixtieth day mark, survival fell to 62% for TSCI patients with X3 conditions, 78% for those with 2, and 84% for those with 1 comorbid condition, while survivorship was 90% for those with no comorbid condition. Figure 2 shows faster decline in survivorship with tetraplegia, complete or incomplete, than paraplegia of any type and other lesions of the spinal cord and cauda equina combined. The stratified test of equality of the curves indicate statistically significant difference (log-rank Po0.001).
DISCUSSION
This large, population-based cohort of persons hospitalized with acute TSCI experienced significant death rate within 120 days of hospital stay. Results from this study indicated that several factors were associated with in-hospital death. These included comorbid conditions, concomitant injuries, age, venous thromboembolism, neurological impairment of TSCI, insurance status and the trauma level of the hospital that provided acute care. Our finding uniquely highlighted the importance of joint assessment of the number of injuries and counts of comorbid conditions. Our result showed greater death risk with more comorbid conditions and polytrauma. As noted in other studies, 4 having a single comorbidity did not show a significant effect on mortality. Overall, studies that used counts showed better risk estimates of mortality 3, 6 than studies that assigned weights to selected diseases. 10 Despite prolific use, the Charleson Comorbidity Index showed little or limited predictive power on trauma mortality. 18 The incremental risk of death with more comorbid diseases and polytrauma is mainly explained by allostatic load, a dose-dependent physiological stress resulting from chronic 'wear and tear' . 19 Studies that incorporated concomitant injuries on mortality prediction mostly relied on the Injury Severity Score (ISS) with demonstrable effectiveness. 20 Our approach of counting all major injuries (AISX2) from the nine body regions provides intuitive clarity and better predictive ability. The gradient in the risk of death noted in our study with more counts of injuries suggests the robustness of this approach. A similar effect has been observed in other studies. 3 Age X65 was strongly associated with increased risk of dying after TSCI. The influence of advanced age on risk of death after trauma is not surprising, as older patients have a higher number of pre-existing comorbid conditions that increase complications, 4 diminished number of functional cells for tissue repair, cardiac reserve and altered homeostasis. 21 Although the inherent risk potential associated with advancing age is immutable, our data suggest that aggressive treatment of comorbid diseases could reduce in-hospital mortality in older patients.
As noted in Table 4 , the joint use of counts of comorbid conditions and injuries provided stronger predictive ability of in-hospital mortality after controlling for the effect the neurological level of impairment of TSCI and age. Although the joint effects of the two factors are manifested in the effect measure modification due to transadditive interaction, 17 our finding provided intuitive clarity by eliciting a dose-dependent hazard ratio of in-hospital death corresponding to higher counts of comorbid conditions and injuries. The possible biological explanation for this enhanced joint effect could be the result of allostatic load of chronic exposure from pre-existing disease stressor(s) that reduced physiological tolerance to trauma. Response to allostatic load from chronic insult (physical or emotional) and the decline in physiological tolerance had been reported to be dose dependent. 19 The increased risk of death noted among TSCI patients without health insurance was surprising but not unexpected. A trauma outcome study in Massachusetts noted that the uninsured received less trauma-related care and experienced higher mortality rate, 22 while another large population-based study from New York 23 indicated that the uninsured were 2.35 (95% CI ¼ 1.40-3.95) times likely to have received substandard care that increased adverse outcomes. It is therefore possible that the uninsured TSCI patients in our cohort might have not received the needed resources for appropriate care due to cost containment practices. The lower risk of death observed among blacks stood contrary to other studies. Comparable population-based studies found either slightly increased risk 3 or null effect. 8 The lower risk of death noted in Level III trauma facilities was intriguing. A likely explanation for this could be a function of referral patterns where most seriously injured patients were transferred directly from site of trauma to higher level trauma facilities, leaving the less likely to die in smaller Level III facilities. In summary, our study had several strengths. Risk of in-hospital death was quantified using a measurement approach that was not used earlier. We demonstrated that the counts of comorbid diseases and injured body regions, when used jointly or independently, elicited increased risk of in-hospital death. The use of a time-to-event analysis that incorporated clinical and demographical confounders on a large cohort of TSCI patients was another strength. Furthermore, data came from a well-validated population-based registry that received case-level information from all non-federal hospitals through legal mandate and spanning 12 years from a state that had 70% higher TSCI incidence rate than the United States.
Despite these strengths, our study had several limitations. First, although data were validated through chart review, the foundation of case ascertainment was based on administrative data primarily designed for billing purposes. In a prospective payment system, administrative data were likely to be influenced by diagnosis codes that maximize reimbursement. 24 It is, therefore, possible that the comorbid conditions and concomitant injuries listed might have been those with higher reimbursement values perhaps distorting the true estimate. Further, it is not possible to extract detailed clinical information, or to ascertain chronicity or impact of comorbid conditions, using an administrative data set. Additional clinical information from clinical examination, vital signs and specific test results may improve prediction of mortality risk. Second, there is wide variability in skillset and diagnostic resources among the hospitals increasing the possibility that the accuracy of the fourth and fifth digits of the diagnosis codes may be questionable from under-resourced hospitals. Third, there could be residual confounders that were unavailable in the data set analyzed. It is, therefore, possible that our estimate could have erred in either direction from the null. Nonetheless, the result reported in our study is consistent with the literature.
In conclusion, both counts of comorbidities and injuries strongly predicted in-hospital death after TSCI and their joint effects elicited a dose-response gradient independent of demographical and clinical covariates, thereby supporting our hypothesis. Important risk factors that could be integrated into clinical decision making include advancing age and meticulous attention to patients with comorbid conditions and multiple injuries.
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